Oxidative stress is known to cause various damages to cellular components such as nucleic acids, lipids, and proteins. [1] [2] [3] The damages to the cellular components are induced by free radical reactions including degradation, adduct formation, cross-linking, bond-breaking reactions, and so forth.
neutrophils, 6) and Jurkat T cells, 7) using various oxidants, and found that macrophages recognize and remove these oxidatively damaged cells. [4] [5] [6] [7] The determinants on the oxidized cell surface that macrophages recognize were not chemically modified nor denatured membrane structure, but were preexisting carbohydrate chains containing sialyl residues and polylactosaminoglycan structures, possibly sialylpoly-N-acetyllactosaminyl chains, of membrane glycoproteins. [4] [5] [6] [7] Then, a question how macrophages discriminate the preexisting cellsurface carbohydrate chains of oxidized cells from those of unoxidized cells arose, and this was explained by the hypothesis that membrane glycoproteins aggregate to form clusters upon cell oxidation, presumably due to free radical-mediated protein cross-linking, and the resultant clusters of their extracellular polylactosaminoglycans provide multivalent and therefore high-affinity ligands for macrophage receptors. [4] [5] [6] [7] [8] However, there was no conclusive evidence for the membrane glycoprotein aggregation on oxidatively damaged cells [9] [10] [11] [12] and for the presence of the putative macrophage receptors. [13] [14] [15] In another series of recent works on apoptotic cells, we found that CD43, a major membrane sialoglycoprotein of hematopoietic cells containing sialyl residues and poly-Nacetyllactosaminyl chains, of Jurkat cells aggregates to form clusters and caps at an early stage of apoptosis, and the early apoptotic Jurkat cells were recognized and taken up by macrophages through the clustered and capped CD43. 16) CD43 is a heavily sialylated membrane glycoprotein, 17) and the determinants on CD43 glycoprotein of early apoptotic cells were suggested to be sialylpoly-N-acetyllactosaminyl sugar chains 16) similarly to the determinants on oxidized cells for the macrophage recognition described above. In addition, we identified the macrophage receptor for sialylpoly-Nacetyllactosaminyl chains as nucleolin, 18) a multifunctional shuttle protein present in nucleus and cytoplasm and on the surface of some types of cells including macrophages, 19, 20) and demonstrated that nucleolin expressed on cell surface recognizes early apoptotic cells but not non-apoptotic cells. 18) We also demonstrated that phosphatidylserine (PS), a wellinvestigated cell-surface marker for apoptotic cells, [21] [22] [23] is not exposed on the cell surface at the early stage of apoptosis, but is at relatively later stages. 24) Considering the similarity between the sugar chain ligands on oxidatively damaged cells and those on early apoptotic cells for macrophage recognition, and that oxidative stress is one of the factors that can induce apoptosis, [25] [26] [27] [28] it is conceivable that the oxidatively damaged cells that we have so far investigated are also early apoptotic cells, and that they are recognized by macrophages as early apoptotic cells.
To answer this question, we carried out the present study, focusing on the following points: 1) oxidation conditions optimum for macrophage binding; 2) dependency on CD43 and on sialylpoly-N-acetyllactosaminyl sugar chains in the binding; 3) involvement of macrophage surface nucleolin in the binding; 4) CD43 clustering at the optimum oxidation conditions; 5) dependency on caspases in CD43 clustering and in the macrophage binding; and 6) other apoptosis-associated nuclear, cytosolic, and cell-surface changes.
MATERIALS AND METHODS
Cells Jurkat, THP-1, and HEK293 cells were obtained from Riken Cell Bank, Tsukuba, Japan, Japanese Cancer Research Resources Bank, Osaka, Japan, and Health Science Research Resources Bank, Osaka, Japan, respectively. THP-1 macrophages were obtained by treatment of THP-1 cells with phorbol myristate acetate as previously described. 16) Materials Hydrogen peroxide (H 2 O 2 ), bisbenzimide (Hoechst 33258), and trypsin (E.C. 3.4.21.4, porcine pancreas) were purchased from Wako Pure Chemical Industries (Osaka, Japan). PKH26 (red) and PKH67 (green) fluorescent cell linker kit, bovine serum albumin (BSA), and phorbol myristate acetate were obtained from Sigma-Aldrich. Benzyloxycarbonyl-Val-Ala-Asp(OMe) fluoromethyl ketone (Z-VAD-fmk) was the product of Peptide Institute (Osaka, Japan). Endo-b-galactosidase (E.C. 3.2.1.103, Escherichia freundii) was obtained from Seikagaku Fine Chemicals (Tokyo, Japan). Neuraminidase (E.C. 3.2.1.18, Vibrio cholelae) was purchased from Behringwerke AG (Marburg, Germany). Anti-CD43 mouse monoclonal antibody (clone DF-T1), control mouse IgG1, and control rabbit IgG were obtained from DAKO (Glostrup, Denmark). Alexa Fluor-488 goat anti-mouse IgG1 (HϩL) conjugate was the product of Molecular Probe (Eugene, U.S.A.). NucView TM 488 Caspase-3 substrate for live cells was obtained from Biotium (Hayward, U.S.A.). MEBCYTO apoptosis kit was purchased from Medical and Biological Laboratories (Nagoya, Japan). Antibody against a synthetic octapeptide corresponding to the residues 295-302 of nucleolin (anti-NUC295) was raised in rabbits and affinity purified similarly to in work previously described. 18) Oligosaccharides of human erythrocyte membrane glycoprotein, mainly those from band 3 glycoprotein, were prepared by hydrazinolysis of defatted human erythrocyte ghosts as described previously. Measurement of Cell-Surface CD43 Jurkat cells were treated with 10 mg/ml anti-CD43 mouse monoclonal antibody (clone DF-T1 29) ) in RPMI 1640-HEPES with 0.2% BSA at 0°C for 30 min and washed several times with DPBS(Ϫ) at 0°C. Bound antibody was detected by treatment of the cells with 10 mg/ml Alexa Fluoro-488 goat anti-mouse IgG (HϩL) conjugate in RPMI 1640-HEPES with 0.2% BSA at 0°C for 30 min and washing several times with DPBS(Ϫ) at 0°C. The cells were resuspended in RPMI 1640-HEPES without phenol red at 0°C and immediately subjected to microscopic observation by a confocal laser scanning fluorescence microscope. Throughout the immunofluorescence staining process, the cell suspensions were kept at 0°C to prevent antibody-induced antigen redistribution that may occur at higher temperatures.
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Oxidation of Jurkat Cells
Measurement of Apoptosis Apoptosis of the H 2 O 2 -treated cells was assessed by caspase-3 activation, chromatin condensation, and PS externalization. Caspase-3 activity was measured by the fluorescence intensity of the fluorogenic DNA dye released from the dye-DEVD substrate by activated caspase-3, using a commercial assay kit (NucView Statistical Analysis The data are presented as the meanϮS.D. of at least triplicate experiments. The data were compared by Student's t test, and statistical significance was determined. * pϽ0.05; * * pϽ0.01; and * * * pϽ0.001. To see whether the observed binding of oxidized Jurkat cells by macrophages is followed by phagocytosis, oxidized Jurkat cells were labeled with a green fluorescent dye, and the labeled Jurkat cells were co-incubated with macrophages for 2 or 4 h. After co-incubation, unbound and lightly attached Jurkat cells were removed, and the cell membrane was stained with a red fluorescent dye, then the cells were observed under a confocal laser scanning fluorescence microscope. As shown in Fig. 1B right, the number of oxidized cells ingested by macrophages did not increase at 2 h, and significantly increased at 4 h, as compared with unoxidized cells, while binding of the oxidized cells to macrophages did not change (Fig. 1B left) . Thus phagocytosis of the oxidized cells appears to take Ͼ2 h. Figure 1C shows confocal images of the oxidized Jurkat cells bound and ingested by macrophages. These observations indicate that the oxidized cells are to be phagocytosed by macrophages.
RESULTS
Phagocytic
Involvement of Sialylpolylactosaminyl Chains of CD43 in the Recognition
In previous studies, sialylpolylactosaminyl chains of oxidized-cell surface were suggested to be recognized by macrophages. [4] [5] [6] [7] To confirm this using H 2 O 2 -oxidized Jurkat cells, and to see the involvement of CD43 as a sialylpolylactosaminyl chain-containing glycoprotein, inhibition studies were performed. As shown in Fig. 2A , 566 Vol. 32, No. 4 an oligosaccharide preparation from human erythrocyte membrane inhibited the binding of H 2 O 2 -oxidized Jurkat cells to macrophages. The inhibitory activity of the oligosaccharides was destroyed by endo-b-galactosidase that specifically cleaves poly-N-acetyllactosaminyl structure (i.e., (Galb1-4GlcNAcb1-3) repeats) at the b-galactosidic bond, 30) or with neuraminidase that removes sialic acid from the non-reducing termini of the chains. In addition, Jurkat cells pretreated with endo-b-galactosidase or neuraminidase prior to H 2 O 2 oxidation did not bind to macrophages (Fig. 2B) . These results suggest that sialylpolylactosaminyl chains are involved in the binding to macrophages. To confirm directly the ability of cell-surface nucleolin to bind the oxidized cells, recombinant nucleolin was expressed on the surface of non-macrophage cells HEK, and their ability to bind the oxidized cells was tested. Nucleolin-expression vector constructed in pcDNA4 was transiently transfected into HEK cells as described previously.
18) Sixteen hours after transfection, at which expression of nucleolin was confirmed, 18) binding of H 2 O 2 -oxidized and unoxidized Jurkat cells to the nucleolin-transfected HEK cells was tested. As shown in Fig. 3B , nucleolin-transfected HEK cells bound the oxidized cells significantly more than untransfected HEK cells. This binding of H 2 O 2 -oxidized cells was inhibited by anti-NUC295, but not by control IgG (Fig. 3C) . These results suggest that cell surface-expressed nucleolin recognizes the oxidized Jurkat cells.
As shown in Fig. 3D , binding of H 2 O 2 -oxidized Jurkat cells to the nucleolin-transfected HEK cells was inhibited by anti-CD43 antibody but not by control IgG, which confirmed that nucleolin binds to CD43 of the oxidized cells.
CD43 Forms Clusters on Oxidized Jurkat Cells Distribution of CD43 on H 2 O 2 -oxidized Jurkat cells was observed by immunofluorescence microscopy using anti-CD43 antibody. As shown in Fig. 4B , cells oxidized with 0.1 mM H 2 O 2 for 1 h and incubated for an additional 2 h to adjust the incubation time to that of the macrophage-binding assay, contained cells bearing clustered CD43, while unoxidized control cells did less so (Fig. 4A) . The extent of the induction of CD43 clustering was dependent upon the H 2 O 2 concentrations used (Fig. 4C) , and this concentration-dependent profile is very similar to that of macrophage binding shown in Fig.  1A . This coincidence suggests that macrophages bind to oxidized cells through CD43 clusters. The amount of CD43 on Jurkat cell surface did not change by oxidation with H 2 O 2 at concentrations Յ1 mM as assessed by flow cytometry (data not shown). Therefore the observed lower macrophage binding of Jurkat cells oxidized with H 2 O 2 at 0.3 and 1 mM in Fig.  1A is not due to a decrease in the amount of CD43 but likely cells to the levels of control cells. These results suggest that caspases and thus apoptotic processes are involved in CD43 clustering and increased susceptibility of the oxidized cells to macrophage recognition.
Apoptosis-Associated Changes of Oxidized Jurkat Cells We further measured whether apoptosis is occurring in the H 2 O 2 -oxidized Jurkat cells. Jurkat cells were treated with 0-10 mM H 2 O 2 for 1 h, washed, incubated for an additional 2 h without H 2 O 2 to adjust to the conditions for the macrophage-binding assay as was done in Fig. 1A , and subjected to measurement of caspase-3 activation, chromatin condensation, and PS exposure. As shown in Fig. 6A , cytosolic caspase-3 was activated during the 1-h H 2 O 2 incubation and the additional 2-h incubation without H 2 O 2 , depending on the H 2 O 2 concentrations. Chromatin condensation did not occur during 1-h H 2 O 2 oxidation (Fig. 6B, open circles) , but some proportions of the cells underwent chromatin condensation in the additional 2-h incubation period with a peak at 0.1 mM H 2 O 2 (Fig. 6B, closed circles) . The latter profile is very similar to those of macrophage binding (Fig. 1A ) and CD43 clustering (Fig. 4C) . This again suggests that the observed CD43 clustering and macrophage binding of the oxidized cells are closely related to apoptosis.
PS exposure is a well-known signal for clearance of apoptotic cells by macrophages and is also used as a marker of apoptosis. Then, using FITC-annexin V as a probe, PS exposure was measured in cells oxidized for 1 h and incubated for an additional 2 h. As shown in Fig. 6C , PS-exposed cells did not increase by oxidation until at 3 mM H 2 O 2 . Therefore PS exposure is unlikely involved in the observed concentrationdependent CD43 clustering and macrophage binding. (Fig. 7C ) cells, there is no difference in the numbers of PS-exposed non-necrotic cells (Fig. 7B ) between non-oxidized control cells (Fig. 7B , open circles) and 0.1 mM H 2 O 2 -oxidized cells (closed squares). However, oxidation with 1 mM H 2 O 2 for 1 h significantly increased the number of PS-exposed non-necrotic cells at 4 h and thereafter (Fig. 7B,  closed triangles) . The results suggest that in 1-h oxidative stress by H 2 O 2 , a relatively high concentrations of H 2 O 2 such as 1 mM is required to induce PS exposure without necrosis, and the PS exposure occurs at Ն4 h later hours.
Requirement of Higher Concentrations of H 2 O 2 and Longer Time after Oxidation for PS Exposure
Considering that CD43 clustering was induced by 0.1 mM H 2 O 2 at 3 h (Fig. 4C) , induction of PS exposure requires relatively higher concentrations of H 2 O 2 and longer time.
DISCUSSION
In the present study, we have clarified that oxidatively damaged Jurkat cells that have been shown to be recognized by macrophages through their surface sugar chains 7) are recognized by macrophages not as chemically denatured cells but as apoptotic cells at an early stage. We performed the present work focusing on the following three aspects: 1) the ligand molecules on the oxidized cells; 2) the receptor molecules on macrophage surfaces; and 3) involvement of caspases in generation of ligands on the oxidized cells.
The ligands on oxidized Jurkat cells recognized by macrophages have been suggested to be sialylpolylactosaminyl chains, but it was not known what glycoconjugate molecules carry those types of sugar chains and form clusters. The present study suggests that the sugar chains on H 2 O 2 -oxidized Jurkat cells recognized by macrophages are those of CD43, and CD43 actually forms clusters. Moreover, CD43 clustering and the cell susceptibility to macrophage binding showed quite similar dependencies on H 2 O 2 -concentration, suggesting that CD43 clustering induces macrophage binding and clearance of oxidized cells. This is, however, not a sole possible mechanism. Another possibility that the sugar-chain ligands are formed on the oxidized Jurkat cell surface by combination of sialyl and polylactosaminyl residues of various surface-molecules in- cluding CD43 is also conceivable. This possibility has not been studied because of its complexity.
The macrophage receptor recognizing the sialylpolylactosaminyl chains of CD43 clusters was characterized to be cell-surface nucleolin, as was the case for the early apoptotic cells. 18) In addition, CD43 clustering and the resultant susceptibility to macrophage binding were demonstrated dependent on caspase activities. These results indicate that macrophages recognize the H 2 O 2 -oxidized Jurkat cells as early apoptotic cells.
So far, various apoptosis-inducing agents, including etoposide, 16, 24) anti-Fas antibody, 16, 24) cycloheximide, 16) and thapsigargin (Ozawa and Beppu, unpublished observation) have been shown to induce CD43 clustering on early apoptotic Jurkat cells, and to lead them to phagocytic clearance by macrophage surface nucleolin. The present study showed that oxidative stress works as another apoptosis-inducing stress.
Polylactosaminyl sugar chains were found to be ligands for the macrophage binding of oxidatively damaged erythrocytes or senescent erythrocytes, 4, 5, 8) and we recently found that the macrophage receptor for H 2 O 2 -oxidized erythrocytes is nucleolin. 32) Interestingly, the optimal concentration of H 2 O 2 is 0.1 mM, and caspase inhibitors prevented erythrocyte change from unsusceptible to susceptible to macrophage recognition after oxidation, 32) which suggests that caspases present in erythrocyte cytosol 33) play a role in the "eat-me signal" generation, possibly clustering of band 3 glycoprotein. This observation also supports the present results that moderately oxidized Jurkat cells undergo apoptosis, and as a result of caspase-dependent proteolysis of cytoplasmic or/and membrane proteins, CD43 clustering may be induced.
In the present study, oxidation of Jurkat cells with various concentrations of H 2 O 2 resulted in an increase in caspase-3 activity. This increased as the concentration of H 2 O 2 increased (Fig. 6A) . However, caspase-dependent CD43 clustering declined at H 2 O 2 concentrations Ͼ0.1 mM (Fig. 4C ), which coincided with the profile of macrophage binding of H 2 O 2 -oxidized Jurkat cells (Fig. 1A) . Similar biphasic binding profiles were previously observed in macrophage binding of etoposide-or anti-Fas antibody-induced early apoptotic cells. 16) The mechanism by which CD43 clustering declines is not known, but one possibility is that CD43 begins degrading at an early stage of apoptosis. 16, 24) At high concentrations of H 2 O 2 , CD43 may degrade rapidly.
It should be noted that the H 2 O 2 concentration-dependent rate of occurrence of CD43-clustered cells (Fig. 4C) cided well with that of chromatin-condensed cells (Fig. 6B) . Moreover, these changes occurred at the same time after H 2 O 2 oxidation. It is therefore likely that CD43 clustering and chromatin condensation occur in the same cell at the same time. Some relationship may underlie the two phenomena.
Nucleolin that was found to be involved in the recognition of H 2 O 2 -oxidized Jurkat cells in the present study has been isolated as a macrophage surface protein that binds sialylpolylactosaminyl sugar chains. 4, 15) At that time, it was a candidate protein for macrophage receptor-recognizing oxidized cells, 3, 15) but was not yet identified as nucleolin. A few years later, clustered sialylpolylactosaminyl sugar chains were found to be also the cell surface ligands of the cells at an early stage of apoptosis for macrophage recognition, 16) and the sialylpolylactosamine-binding macrophage protein was identified as nucleolin. 18) Considering the present result that moderately oxidized Jurkat cells are recognized by macrophages as early apoptotic cells, macrophage nucleolin recognizes oxidized Jurkat cells not as oxidatively damaged cells but simply as early apoptotic cells.
Macrophage receptors involved in the recognition and clearance of oxidatively damaged cells were also investigated by another group. Sambrano and Steinberg 34) reported a 94-97-kDa mouse peritoneal macrophage membrane protein that binds oxidized low density lipoprotein as a candidate for the macrophage receptor for oxidatively damaged erythrocytes and for apoptotic thymocytes. This protein was identified by the same group as macrosialin, the mouse homologue of human CD68. 35) However, whether this protein plays a role on macrophage surface in the recognition of oxidatively damaged erythrocytes and apoptotic thymocytes remains uncertain. 35) Terpstra et al. 36) reported that peritoneal macrophages from scavenger receptor A (SR-A)-deficient mice showed 20-30% less ability to bind apoptotic thymocytes than wild-type mice but showed comparable ability to bind oxidatively damaged erythrocytes, suggesting that SR-A does not play a role in the recognition of oxidized erythrocytes. In addition, it was also demonstrated by in vivo experiments that oxidatively damaged erythrocytes were efficiently taken up by Kupffer cells of SR-AI-and II-deficient mice, suggesting that receptors other than SR-AI and II participate in clearance of oxidatively damaged cells. 37) H 2 O 2 , used as an oxidative stress agent in the present study, is a ubiquitous and general oxidant in the environment and in the body. 38) It is generated in water, foods, and air. It is also physiologically and pathologically generated in the living body. H 2 O 2 itself is poorly reactive, but it generates a toxic hydroxyl radical ( · OH) by catalytic actions of trace Fe or Cu ions, and damages the cellular constituents. 1, 2, 37) It is a neutral amphiphilic molecule and therefore easily permeates cellular membranes. It should be noted that the highest concentrations of H 2 O 2 occurring in the body are estimated to be an order of 0.1 mM at inflammatory lesions. 38) In the present study, we oxidized Jurkat cells using 0.03-10 mM H 2 O 2 , and observed CD43 clustering and subsequent macrophage binding using the cells oxidized with 0.1 mM H 2 O 2 . Accordingly, our present observations, including CD43 clustering, sialylpolylactosaminyl sugar chain-mediated macrophage recognition, and apoptosis induction, should be of physiological significance.
In conclusion, the present study suggests that macrophage recognition and clearance of oxidatively damaged cells so far observed [4] [5] [6] [7] [13] [14] [15] are not due to recognition of oxidatively damaged and denatured cell-surface components, but to recognition of the membrane glycoprotein molecules that undergo clustering by oxidative stress-induced apoptosis.
